Introduction
Nanoscale structures less than 100 nm in size offer exciting possibilities for the fabrication of new advanced devices. To fabricate ever smaller structures, the pattern width must be reduced. However, the height cannot be significantly reduced because patterns must have a certain height in order to remain functional. For example, a resist film has to have a certain thickness when it is used as an etching mask. As a result, the aspect ratio (height! width) increases. When line patterns with a high aspect ratio are formed, a serious problem occurs: the patterns fall down or bend. This can happen in any of various fabrication processes as the liquid surrounding a pattern dries, for example, after being treated with developer and rinsed in a solution. Similarly, silicon (Si) patterns also fall down during drying when a liquid, such as an aqueous solution of potassium hydroxide (KOH), is used for the patterning.
Pattern collapse has recently been observed in Si patterns during micromachine fabrication and in resist patterns during semiconductor fabrication, because the aspect ratio is very high owing to the decrease in pattern sizes. The cause is reported to be the surface tension of the rinse solution used [1, 2] . When rinse solution remains between lines during the drying process, the surface tension results in an external force being applied to the pattern, which causes the pattern to collapse. A good solution to this problem is to use a rinse solution with a small surface tension. For example, among organic compounds, perfluorocarbons exhibit some of the smallest values (10-15 dyne!cm). If one could be substituted for rinse solutions like ethanol, pattern collapse would not readily occur because the external force generated during drying would be very small. However, its use is not really very practical, because it has poor miscibility in developer and rinse solution.
Poor miscibility results in poor reproducibility. Furthermore, even though the surface tension is quite small, it is still not small enough to prevent pattern collapse in nanolithography.
We believe that the best solution is the use of supercritical fluid because it has no surface tension at all. A supercritical fluid behaves as both a highdensity gas and a diffusible liquid; there is no interface between gas and liquid. This is why the surface tension is zero.
This paper describes the cause of pattern collapse and shows how effective supercritical drying is in nanostructure fabrication. In addition, the key factors that must be controlled in the supercritical drying of resist patterns are discussed. Finally, a supercritical resist dryer (SRD) that we developed for future lithography and micromachining is described. Figure 1 shows fabricated two-line Si patterns with various spacings after drying in a nitrogen atmosphere. They were fabricated by a-beam lithography, KOH etching, and rinsing in water. The patterns are distorted after drying when the two lines are 90 nm apart or less. On the other hand, the amount of distortion increases as lines become either narrower or higher. In short, lines tend to collapse due to distortion when the spacing is small or the aspect ratio is large.
Analysis of Pattern Collapse
The cause of the collapse is as follows [1, 3, 4] : As shown in Fig. 2 , rinse solution (water, in this case) remains between the two lines. The surface tension of the water makes the water pressure (Pw) just beneath the concave water-air interface lower than the air pressure (PA). The pressure difference, PAPw, is what is called capillary force. It causes the lines to be pushed from the outside, thus distorting them. There is a stress, 6crit' at which Si patterns begin to distort. It is given by 6crit 6ycos 9 D (W)2, (1) where 7 is the surface tension of the rinse solution; 9, the contact angle; D, the line spacing; H, the line height; and W, the line width [1] . According to this equation, patterns collapse when D is too small; the aspect ratio, WW, is too large; or 7 is too large. Figure  3 shows the relationship between pattern collapse, and D and H/W. The above equation draws a clear boundary between stability and collapse. It is clear that changing the spacing, aspect ratio, or surface tension can prevent collapse. However, the allowable changes in the spacing and aspect ratio are limited by the pattern rule. So, the best solution is to reduce 382 the surface tension of the rinse solution, and the best way to do that is to use a supercritical fluid. Under supercritical conditions, liquid and gas phases do not exist; instead, the fluid is in a state that is neither a liquid nor a gas. This means that a liquid can be continuously converted into a gas via the supercritical state without an interface forming between the liquid and the gas.
The difference between supercritical and conventional drying is easy to explain with a phase diagram like that in Fig. 4 , which shows an example of how the phase changes during drying. When there is liquid rinse solution on the sample surface, and it is dried by a conventional technique such as a nitrogen blow, the phase passes through a vaporliquid equilibrium line; that is, it passes directly from the liquid phase to the gas phase. During this process, there is a liquid/gas interface, which produces surface tension. In supercritical drying, however, the liquid phase passes to the gas phase through the supercritical state. This conversion does not pass through the vapor-liquid equilibrium line; that is, there is no liquid/gas interface. This means that the surface tension of the rinse solution, which arises at a liquid/gas interface, is zero. As a result, pattern collapse caused by capillary force due to surface tension should be prevented under supercritical conditions. Liquid carbon dioxide (C02) is a commonly used starting material for a supercritical fluid, and it has the advantage that rinse solutions like ethanol are miscible in it [5] .
Procedure for Supercritical Drying
In our experiments, C02 was used as the supercritical fluid because it has a low critical point and is easy to handle. The critical temperature and pressure are 31.1 ° C and 7.38 MPa, respectively, as shown in Table I .
Supercritical drying is basically carried out as follows: First, a wet sample that has just been rinsed (for example, with 2-propanol) is placed in the chamber. Next, the chamber is filled with liquid C02 without any heating. This involves pumping C02 into the chamber at a pressure of over 7.38 MPa, which is the pressure used for supercritical drying, to ensure that enough C02 remains in liquid form. After the replacement of the rinse solution by C02, the temperature is increased above 31.1 ° C. Finally, releasing the supercritical C02 slowly from the chamber completes the drying process. Figure 5 shows SEM photographs of Si line patterns formed with and without supercritical drying. After drying in a nitrogen atmosphere, the line patterns are distorted. In contrast, supercritical drying enables the line patterns to remain standing without any collapse. None of the patterns shown in Fig. 1 collapsed when dried with supercritical C02. This means that drying without any surface tension was achieved by the use of supercritical fluid. Next, the feasibility of using supercritical drying on resists was assessed. The procedure was similar to that for Si patterns. However, in this case, the patterns became deformed, as shown in Fig. 6 . To investigate the cause, thermal desorption spectra (TDS) were taken of resist film treated with supercritical C02. Figure 7 shows the results for ZEP resist films that were not exposed, developed or rinsed, but were treated with supercritical C02. It was found that large amounts of substances with mass numbers of 18 and 44, which correspond to H2O and C02, respectively, as well as a small amount of hydrocarbons desorbed from the film. Of particular note is the large amount of H2O. This indicates that H2O molecules are incorporated into resist films during the supercritical drying process. One likely mechanism is as follows: Since the after conventional chamber is cooled and liquid C02 is introduced, moisture probably condenses on the walls. Even though the solubility of H2O in COZ is not very high
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[b], a small amount of the condensed moisture dissolves in the C02. Under high pressure, the moisture diffuses into the resist, where the H2O molecules become seeds for the release of C02. When the pressure is reduced, all the C02 associated with the H2O molecules is released inside the film at the same time. This causes the film to swell; and in places, gas escapes to the outside. The best way to prevent water contamination is through control of the supercritical pressure. Figure  8 shows the relationship between pressure and the increase in the thickness of the resist during supercritical drying. In this case, the resist samples were not exposed, developed or rinsed. Even though the chamber was not cooled down so that condensation would be inhibited, the thickness of the resist film increased with increasing pressure. This indicates that the increase in film thickness strongly depends on the pressure of the supercritical C02. In particular, the increase is less than 1 nm at a pressure of 7.5 MPa, which is just above the critical point. On the other hand, the increase in film thickness seems to correspond to the change in the density of C02, as shown in Fig. 8 . We believe that this is the real reason why the film thickness increases under high pressure. As the density increases, the solubility of H2O in the supercritical fluid increases so that, even when there is very little moisture in the chamber, it still contaminates resist films. These results indicate that water contamination during drying can be prevented by using a pressure just above the critical point.
Some resist line patterns after drying are shown in Fig. 9 . Fine patterns dried in a simple nitrogen atmosphere collapse due to capillary force because of their high aspect ratio. In contrast, drying with supercritical C02 at a pressure just above the critical Even 20 nm wide patterns with an aspect ratio of 7.5 are formed without any collapse. Though it was previously thought that the resolution of lithographic tools and the material properties of resists did not allow such fine patterns to be formed, these results prove otherwise.
This means that supercritical drying is a powerful means of improving resolution.
Since the presence of water strongly affects the results obtained with supercritical drying, as explained above, it is essential to prevent water contamination.
However, when water itself is used for rinsing, such as for chemically amplified resists developed in an aqueous solution of TMAH, the presence of a large amount of water cannot be avoided. So, two methods of removing the rinse water have been developed [7] . One is an indirect method, in which rinse water on a wafer is removed with a surfactant before supercritical drying. Both non-ionic [7, 8] and anionic [9] surfactants have been tested by several reseachers. A surfactant or a solvent containing a surfactant is needed that dissolves easily in supercritical CO2. For the solvent, non-polar liquids like n-hexane are better [7] . Figure 10 shows some NEB-31 resist patterns after drying. Pattern collapse was suppressed in samples dipped in nhexane containing the surfactant sorbitan-fatty-acid ester and subjected to supercritical drying. The other is a direct method, in which rinse water is replaced during the supercritical drying process itself. That is, rinse water is directly replaced with CO2 containing a surfactant whose molecules have C02-philic chains and hydrophilic groups [7] . For resist patterns rinsed with water, the direct and indirect methods are equally effective.
Supercritical Resist Dryer (SRD)
A special dryer is needed for supercritical drying, and a prototype called the Supercritical Resist Dryer (SRD) has already been constructed [4, 10] . Figure  11 shows a photograph and a close-up of the wafer holder. The chamber is made of thick stainless steel to withstand high pressures. Conventionally, the whole the chamber is heated and the temperature is controlled. However, in the SRD the chamber is not heated at all. Instead, the aluminum holder, on which an uncut wafer is placed, is heated with a heater. This hot holder converts liquid CO2 to the supercritical state. Figure 12 shows the time-wise change in the temperature of a wafer in the chamber. Clearly, holder heating with a low-power heater raises the wafer temperature much more efficiently than chamber heating, even with a high-power heater. This is because either a long time or a very highperformance heater is required to increase the temperature of the whole chamber, which is made of thick stainless steel. In contrast, the hot holder is thin and made of aluminum, which has a small specific heat; so it is easily heated up in a short time. In other words, the hot holder enables the temperature to be raised rapidly from 23 ° C (room temperature) to a temperature above 31 ° C (critical point) without a high-performance heater.
In this dryer, the temperature of the wafer holder rises to produce the supercritical state, while the temperature of the chamber remains at room temperature. So, only the CO2 in the immediate vicinity of the wafer is converted to the supercritical state, and there is a gradient from supercritical fluid to liquid between the wafer surface and the inner wall of the chamber. Figure 13 shows some simulation results on (a) the temperature distribution of the fluid in the chamber and (b) the direction and magnitude of fluid flow. The assumptions were a wafer temperature of 35° C and a chamber temperature of 23 ° C. The results are complicated because they are a combination of the simple flow rising from the wafer and swirling in the confined space. However, the following points are clear. First, the temperature distribution indicates that the fluid on the wafer is supercritical, and the fluid near the chamber wall is liquid. The region in between is probably subcritical. Second, the temperature gradient between the wafer and the chamber induces convection in the CO2, as shown in Fig. 13(b) . The turbulence suggests that the fluid moves quickly in the chamber. Generally, there is a flow from the center 
Conclusion
The effectiveness of supercritical-C02 drying has been demonstrated. First, the relationship between pattern size and pattern collapse was clarified using Si patterns with a high aspect ratio. This revealed that the most effective way to prevent collapse is to reduce the surface tension of the rinse solution. Based on this idea, the use of supercritical drying was assessed and excellent results were obtained. Silicon patterns were formed with no collapse, even in a conventional supercritical dryer. For the drying of resist patterns, water contamination must also be prevented. This is accomplished by using a surfactant/ solvent system, in which rinse water and C02 are miscible. A special dryer for supercritical drying, the SRD, which features a hot holder, has been constructed. 
